Parkinson disease (PD) is a progressive neurodegenerative disorder characterized by motor and non-motor symptoms and signs. Many reports suggest that diminished heart rate variability occurs early, even prior to the cardinal signs of PD. In a longitudinal study of PD, we evaluated whether heart rate variability (HRV) obtained using a 10-second ECG tracing, and the electrocardiographic QT-interval would be associated with PD severity and progression. Subjects were derived from a longitudinal study of 1741 individuals with early, stable PD. The severity of PD was measured using the global statistical test (GST). In a subset, the heart rate corrected QTinterval (QTcB) was calculated for each electrocardiogram (ECG). The HRV was measured for each ECG and then transformed to fit a normal distribution. The baseline analysis included 653 subjects, with 256 completing the 5-year follow up study. There was an association (P < 0.05) between QTcB and PD severity in individuals that were taking QT-interval affecting drugs. A longer QT-interval at baseline was associated with more advanced PD at 5 years (P < 0.05), and greater disease progression over 5 years (P < 0.05). There was an association between diminished HRV and an orthostatic decrease in standing blood pressure at baseline in individuals with PD (P < 0.05). HRV was not associated with PD severity or progression. In conclusion, we were able to detect measurable associations between the QTcB interval and PD severity, PD severity 5 years later, and the change in disease over time. However, routine ECG tracings appear inadequate for the evaluation of autonomic function in PD.
Introduction
Parkinson disease (PD) is a progressive neurodegenerative disorder characterized by motor and non-motor symptoms and signs. Among the non-motor aspects of PD, autonomic dysfunction carries significant morbidity and is manifested by cardiovascular, gastrointestinal, urogenital, sudomotor, thermoregulatory or pupillary dysfunction (Arnao et al., 2015) . As the incidence and prevalence of PD continues to grow in an aging population, the socioeconomic burden of autonomic dysfunction will continue to increase (Arnao et al., 2015; Cersosimo & Benarroch, 2012) .
Many reports identify cardiovascular autonomic dysfunction, characterized by diminished heart rate variability, in individuals with PD (Alonso et al., 2015; Bouhaddi et al., 2004; van Dijk et al., 1993) . More recently, a large prospective study of individuals without PD was followed longitudinally and an association between diminished heart rate variability and an increased risk of PD was detected (Alonso et al., 2015) . In aggregate, these data suggest that diminished heart rate variability occurs early, even prior to the cardinal signs of PD. Furthermore, the peripheral degeneration of autonomic nerves in individuals with PD may predispose them to electrocardiographic prolongation of the QTc interval (Deguchi et al., 2002; Ishizaki et al., 1996; Oka et al., 1997) . Finally, many classes of medications used to treat symptoms of PD may also prolong the QTc interval (Malek et al., 2013) .
In the present study, we evaluated whether heart rate variability or the electrocardiographic QT interval, or both, are associated with the severity of PD and the rate of disease progression using routine ECG tracings. We hypothesized that individuals with more advanced Parkinson disease would have lower heart rate variability and longer corrected QT intervals on initial evaluation, and that these electrocardiographic abnormalities would correlate with greater overall severity and rate of progression of PD. We also hypothesized that longer QT interval and diminished heart rate variability, as markers of autonomic dysfunction, would be associated with orthostatic hypotension.
Materials and methods

Subjects
In 2001, the National Institute of Neurological Disorders and Stroke initiated the exploratory Trials of Parkinson Disease (NET-PD) program (Bega et al., 2015; Elm, 2012; Kieburtz et al., 2015; Parashos et al., 2014) . A total of 1741 individuals with early, stable PD on dopaminergic therapy were enrolled (from March 2007 to May 2010) and studied longitudinally to test the hypothesis that creatine would alter disease progression (the NET-PD LS1 study) (Elm & Investigators, 2012 ; Writing Group for the NETiPDI et al., 2015) . The study was stopped due to futility based on an interim analysis after approximately half of the subjects had been in the study for 5 years (Writing Group for the NETiPDI et al., 2015) . A subset of subjects had electrocardiograms (ECGs), including at baseline. Detailed examination scores, medications and questionnaires were obtained in all participating individuals. Orthostatic vital signs were recorded during the baseline and follow up visits from the supine and standing positions. Additional details of the trial have been published previously (Bega et al., 2015 ; Writing Group for the NETiPDI et al., 2015) .
Disease severity
The severity of disease in the LS1 study was measured using the global statistical test (GST) as previously described (Bega et al., 2015) . Briefly, the GST combines data from the following five outcome measures into a single quantifiable measure: the Modified Schwab and England activities of daily living (Louis et al., 1996) , the Parkinson's Disease Quality of Life Scale (PDQ-39) (Jenkinson et al., 1997) , a set of five questions from the United Parkinson Disease Rating Scale related to ambulatory capacity (2003), the Symbol Digit Modalities test (Smith, 2002) , and the Modified Rankin (van Swieten et al., 1988) . A higher GST scores indicates more advanced disease.
Electrocardiogram
Only individuals with a complete, good quality, 12-lead electrocardiograms at baseline were included. Good quality ECG's were defined as tracings with measureable electrocardiographic complexes without evidence of atrial fibrillation, other rhythm abnormalities, or a pacemaker. The heart rate corrected QT interval (QTcB) (Tsuji et al., 1996) was calculated for each ECG. The heart rate variability (HRV) was measured for each ECG tracing, reviewed to ensure biologic plausibility (i.e. that premature beats were not considered in the analysis), and then transformed logarithmically to fit a normal distribution.
Analysis
ECGs were performed at only a subset of centers participating in the LS1 study. We performed baseline comparisons between the demographic data for those LS1 study centers that performed ECGs, and those that did not. Within each center that did perform ECGs we compared the demographic data between those individuals that had ECGs and those that did not. Finally we compared the demographic data of those individuals with good quality ECG tracings to those with low quality tracings that were excluded.
Associations between baseline QT Interval with baseline GST, 5-year GST, and GST change from baseline to 5 years were examined. Also, the association between baseline heart rate variability and baseline GST, 5-year GST, and GST change from baseline to 5-year point was assessed. Similarly, association of baseline QT Interval with baseline orthostatic change in blood pressure (defined as change in systolic BP from the supine to standing position), 5-year orthostatic change in BP, and orthostatic change in BP from baseline to 5-year level, association of baseline heart rate variability with baseline orthostatic change in BP, 5-year orthostatic change in BP, and orthostatic change in BP from baseline to 5-year point were studied.
Mixed model was used for the data analysis. The statistical analysis controlled for age, duration since PD diagnosis, gender, PD medication (dopamine agonist, levodopa, or both), PD medication dose (levodopa equivalent baseline dose), comorbidity score at baseline, and the number of QTcB length-affecting drugs (taken for least a week before the baseline ECG). Treatment group and site, a stratifying variable, were two random effects in the model. Interactions were treated as significant at the 0.1 level. Subgroup analyses were conducted when interactions were detected. In this analysis we only adjusted for QTcB length-affecting drugs that increased QTcB length. We did not have any information on the direction of the heart rate variability drug effect (e.g. increasing or decreasing HRV). When there was an effect of age in the model, the groups were divided into approximate quartiles of the range for additional analysis (age < 57, 57 ≤ age < 62, 62 ≤ age < 67, or age ≥ 67).
PD medication was treated as three dummy variables (levodopa only, dopamine agonist only, and both where "both" is the reference group). For the purposes of this analysis, dopaminergic therapy was defined as either levodopa or a dopamine agonist, as this was part of the study inclusion criteria. Other indirect dopaminergic therapies (such as monoamine oxidase inhibitors) were included the overall analysis of drugs that could impact QTcB or HRV. The number of QTcB length affecting drugs being taken at baseline was treated as one binary variable (number of QTcB length affecting drugs = 0 or > 0, where "0" is the reference group), and the number of HRV affecting drugs being taken at baseline was also treated as one binary variable (number of affecting drugs ≤1 or ≥ 2, where "≤1" is the reference group).
Results
Technically interpretable ECG tracings, physical examination scores, and demographic data (Table 1) were available for analysis in 653 subjects at the baseline visit, with 256 of those subjects completing the 5-year follow up study. The distribution and exclusion of all subjects is shown in Fig. 1 . Subjects from centers that performed ECGs tended to have a longer duration of parkinsonian symptoms, a higher levodopa equivalent baseline dose usage, and a lower ambulatory capacity score than subjects from the centers that did not perform ECGs. Within centers that performed ECGs, male gender, duration of PD symptoms, levodopa equivalent baseline dose, Schwab & England scale, symbol digit modalities, and modified Rankin scores are all significantly different for subjects who had an ECG compared to those who did not C.H. Gibbons et al. Autonomic Neuroscience: Basic and Clinical 205 (2017) 93-98 have an ECG at baseline. Among those individuals who had an ECG, age, duration of PD symptoms, baseline comorbidity scores, and baseline symbol digit modalities differed for those with good quality tracings compared to those whose electrocardiogram tracings were not included. Given the number of tests conducted, none of these differences achieve statistical significant if corrected for multiple comparisons. Table 1 could have happened by chance alone. Fig. 1 . The distribution of the 1741 LS-1 subjects across the ECG study.
QT interval at baseline
In the model, there was an interaction between the QTcB interval and the number of drugs that affect the QT interval taken at baseline. The data were therefore categorized into participants who took drugs that affected the QT interval and those who did not (with the exception of levodopa or dopamine agonists: all subjects were taking one or more of these medications). The levodopa equivalent dose and comorbidity score at baseline were significantly (all P < 0.05) associated with the baseline GST for participants independent of whether they took QT interval affecting drugs at baseline. However, the QTcB interval at baseline was only significantly associated with baseline GST for subjects who took QT interval affecting drugs at baseline. Thus, among the subjects who took QT interval affecting drugs at their baseline visit, a higher QTcB was associated with a higher GST score.
In the evaluation of QT interval at baseline and baseline orthostatic change in BP, there was an interaction between age and baseline corrected QT interval in the model. Data were categorized into four groups based on age: age < 57, 57 ≤ age < 62, 62 ≤ age < 67, or age ≥ 67. In the subgroups where subjects age is ≤ 62, baseline corrected QT interval was associated with baseline orthostatic change in BP (P = 0.05) thus those individuals with longer corrected QT intervals had a greater degree of orthostatic hypotension.
QT interval and 5-year follow up
There was an interaction between age and corrected QT interval length in the model. Data were categorized based on the quartile groups by age. Baseline corrected QT interval length was associated with 5-year GST score for subjects over 67 years old (P < 0.05); thus individuals over the age of 67 with a longer corrected QT interval will have higher 5-year GST scores.
QT interval and change in 5-year GST score
There was an interaction between age and baseline corrected QT interval in the model. Data were categorized based on the quartile groups by age. In the model, baseline corrected QT intervals are significantly associated with GST score changes from baseline to 5-year for subjects over 67 years of age. Similar to the results for QT interval and 5-year follow up, a longer baseline corrected QT interval will be associated with a greater increase in GST score over 5 years for subjects older than 67 years.
Heart rate variability at baseline
There was a three-way interaction between baseline HRV, comorbidity score, and levodopa equivalent dose in the model. An association between numbers of drugs affecting heart rate interval taken at baseline with baseline GST could not be detected. We categorized the data based on the baseline comorbidity score of 0 or > 0. The levodopa equivalent dose and duration of PD medication was associated with the baseline heart rate variability in subjects whose comorbidity scores were > 0 (P < 0.05). There was no relationship between HRV, levodopa equivalent dose, type of PD medication and baseline GST score in subjects whose baseline comorbidity score was zero. Thus, at baseline, both age and HRV were significantly associated with orthostatic change in BP (i.e. greater age or lower HRV was associated with greater orthostatic change in BP).
Heart rate variability and 5-year follow up
There was an interaction between age and the log-transformed HRV in the model. Data were categorized based on the quartile groups by age. In the model, an association between the baseline HRV and the 5-year GST score could not be detected. In subgroups where age is < 57 years, there is an association between HRV and the 5-year GST scores where lower baseline HRV was associated with greater 5-year GST scores (P < 0.05).
Heart rate variability and change in 5-year GST score
There was an interaction between age and baseline HRV in the model. Data were categorized based on the quartile groups by age. Similar to the findings with baseline HRV and the 5-year GST score, there was an inverse association between baseline HRV and GST score change at 5 years for subjects aged < 57 years (P < 0.05). Thus individuals with low HRV at baseline tended to have greater GST score and greater change in GST scores at 5-years.
Discussion
This is a large longitudinal investigation of the association between HRV, QT interval, and PD. We report several novel findings in this study. First, we found a significant positive association between the corrected QT interval and PD severity (as measured by the Global Statistical Test) in individuals taking drugs that affect the QT interval, particularly if they are over the age of 67. Second, a longer QT interval at baseline was associated with more advanced disease at 5 years, and greater disease progression over 5 years. There was no association between HRV and PD severity or progression, although we suspect that study limitations (including selective bias and the inadequacy of routine ECG data) may have prevented our ability to detect this potential interaction. Finally, we detected an association between diminished HRV and baseline orthostatic change in BP in individuals with PD.
The finding of an association of corrected QT interval with PD severity in patients taking at least one drug affecting QT interval, but not in patients not taking such drugs, is interesting. One possible explanation is that, in this early PD population, spontaneous QT prolongation is relatively infrequent, but a predisposition to QTprolongation is "unmasked" by a drug that affects QT-intervals, thereby making it possible to detect the association with greater PD severity. It should also be noted that the clinical significance of these QT interval changes is not clear as most values were within the normative range.
Several population-based studies of cardiovascular autonomic neuropathy and PD exist (Alonso et al., 2015; Palma et al., 2013; van Dijk et al., 1993) . However, due to the relatively small number of people with PD in the general population, many population based studies include only a small number of people with PD and conclude that a larger longitudinal study is required (Alonso et al., 2015; Palma et al., 2013; van Dijk et al., 1993) . Large-scale studies of autonomic function in PD are lacking, partly because detailed autonomic assessment of cardiovascular function requires prolonged HRV recording and more complex tests of autonomic function. Inevitably, these autonomic assessments are left out of large clinical trials where the additional expense and logistical challenges outweigh the perceived benefits. Recognizing these limitations, we wanted to test the hypothesis that a standard 12-lead ECG could provide sufficient data for analysis of cardiovascular autonomic function in a large study of individuals with PD.
The current study is consistent with previous reports that patients with PD often take many medications that may prolong the QT interval (Cunnington et al., 2013; Malek et al., 2013) . Approximately one-third of our study cohort was taking at least 1 drug that altered QT interval. Other investigators have advocated for routine ECGs in individuals with PD who are taking medications that affect the QT interval (Cunnington et al., 2013) . In the present study, among those testing centers that performed ECGs, those individuals that did not receive an ECG on average were older, had PD for a longer duration, had greater disability scores at baseline and took greater levodopa equivalent doses at baseline. One could imagine that it may be more difficult to obtain C.H. Gibbons et al. Autonomic Neuroscience: Basic and Clinical 205 (2017) 93-98 ECGs in those individuals with more severe disease or disability, but these more advanced PD patients may be precisely the ones who could benefit the most from a screening ECG. The relationship between disease severity or disability and clinically important ECG changes should factor into the clinical decision to pursue this additional diagnostic test in the context of physical challenges and time constraints during a clinical evaluation and may highlight a subtle bias against testing in some situations. Additional study and clinical follow up may be necessary to understand the impact of this problem. We also extracted the HRV from our 10-second ECG recordings. Other investigators have used routine ECG analysis of heart rate in large-scale studies to study medication effects (Noordam et al., 2015) or disease severity or progression (Lykke et al., 2008) . There were sufficient numbers of individuals with some degree of HRV in our study that we could detect an association between reduced HRV and orthostatic change in BP. As expected, those individuals with more pronounced postural change in blood pressure had very low HRV. However, we did not detect an association between HRV and PD severity or PD progression. This information contrasts with prior studies that have established a connection between a decline in HRV and progression of PD (Alonso et al., 2015; van Dijk et al., 1993) . We surmise that the lack of association between HRV and PD severity or PD progression in the present study is simply due to inadequate data acquisition. The majority of individuals in our cohort had < 2 beats per minute of variability detectable within the sampling region, an unexpected finding for PD patients without severe autonomic dysfunction (Alonso et al., 2015) . Our interpretation of these data is that the 10-second ECG does not provide sufficient sampling to avoid a 'floor' effect. Therefore, we conclude that the routine ECG is inadequate for assessment of HRV in individual subjects or small patient groups with PD. The findings of an association between HRV and orthostatic hypotension, and an association between the QT interval and the number of drugs taken that affect the QT interval are expected. Many prior studies have documented similar findings. However, the ability to detect these changes using routine ECG tracings does suggest that some limited amount of information may be garnered from studies with sufficient numbers of patients. However, investigators should be extremely cautious in the interpretation of HRV data using routine ECG tracings because the data is not a surrogate for properly performed heart rate variability testing.
The present study has a number of limitations. This was a retrospective analysis of data gathered during a clinical trial. The analysis was exploratory, and P-values for subgroup analyses were not adjusted for multiple comparisons. If corrections for multiple comparisons were included, most of the findings would not have been statistically significant. However, because subgroup comparisons were made only when interactions were detected, a weak protection of alpha was provided to the analysis. The data acquired were restricted to only a subset of the study participants, and selective bias against more advanced disease may have skewed the results. Finally, it appears that the use of routine 10-second ECG tracings is not sufficient to adequately investigate HRV.
Conclusions
We were able to detect measurable associations between the corrected QT interval and PD severity, the disease severity 5 years later, and the change in disease over time. However, we were unable to detect associations between HRV and PD severity or PD progression. These findings suggest that 10 s ECG tracings are inadequate for the evaluation of autonomic function in PD and its relationship to disease severity and progression. 
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